Turbine cascade wind tunnels simulate Reynolds number and turbulence for the examination of flow phenomena such as boundary layer separation on the trailing portion of low pressure turbine blades. Axial chord-based Reynolds numbers considered in this study were SOk and 100k. Various passive, square-bar turbulence generat ing grid arrangements were explored to simulate turbulence in a turbine cascade test-section inlet, including two grid orientations: perpendicular to the inlet flow and parallel to the turbine cascade. A novel T-Bar turbulence grid configuration oriented parallel to the cascade was shown to produce better test section inlet flowfield uniformity than that produced by a perpendicular mesh grid. Improved periodicity in blade-to-blade surface pressure coefficient profiles was also observed with the para llel T-Bar grid. boundary layer separation over the trailing portion of a turbine suction surface. In addition to Reynolds number, turbulence must also be simulated because turbine performance is sensitive to both. Turbines are susceptible to adverse flow effects at low Reynolds numbers and low turbulence intensities.
A. Turbulence Generation
Turning vanes An extensive study by P.E. Roach 2 characterized turbulence generating grids in conventional wind tunnels. Figure 2 shows the relationship between turbulence intensity (Tu) and upstream grid location, x, normalized by diameter, d, of grid elements. Experimental turbulence intensity is defined in Eq. I, and Roach observed the correlation shown in Eq. 2. Turbulence is generated by vortex shedding as flow passes through a grid, as shown in Fig. I . Roach found that the minimum upstream grid location, normalized by the grid mesh width, m, is I 0, ensuring that vortices are fully mixed upstream of the test article. 
B. Turbine Cascade T heory Baughn, et al. 3 , showed that two-dimensional (2-0) turbine blade interactions can be simulated with a cassette of high aspect ratio blades. Figure 3 shows the relation between flow effects in a three-dimensional (3-D) turbine and a cascade blade. Cascade blades represent a mid-s pan airfoil of a 3-D turbine extruded spanwise so that the blade wake and surface boundary layers can be isolated from the other 3-D effects, as tabulated in Fig. 3 . Furthermore, by evaluating only the middle third span of the blade, the ceiling and floor effects in the tunne l can be mitigated. A CWT test section inlet must have uniform flowfield properties. The inlet conditions of interest upstream of the cascade include velocity and turbulence intensity. 
The underside of the turbine airfoil as shown in Fig. 5 is the pressure surface, and the upper side is the suction surface. The suction surface length (S) is defined as the distance along the suction surface from the leading edge to the trailing edge, and axial chord length (C .. ) is the straight line distance from the leading to trailing edge.
Axial chord-based Reynolds number (Re 0 ) is defined in Eq. 5, with pas flow density, V., as inlet velocity, and µ is viscosity. At low Reynolds numbers, flow is laminar, and large turning angles associated with low pressure turbines (LPTs) cause an adverse pressure gradient over the trniling portion of the suction surface. Boundary layer separation may occur because the fl ow does not have enough momentum to stay attached. Separation is affected by the inlet turbulence intensity and the Reynolds number such that separation is more pronounced at both lower Reynolds numbers and turbulence intensities. 
II. Set-up and Procedure
A. Facility The USAFA CWT shown in Fig. 1 is driven by a variable-frequency, variable-pitch fan adjusted to achieve desired Recx within the test section. The heat exchanger ensures thermal eq uilibrium such that the temperature inside the test section is adj usted to match the ambient temperature by regulating cooling water flow rate th rough heat exchanger piping. The stilling chamber ensures that air flow is straight and steady. Air flow passes through the turbulence grid, installed at an upstream distance to generate desired turbulence intensity. Figure 6 shows Langston blades installed in the USAF A CWT test section, spaced equally pitch wise to approximate the arrangement in an actual turbine. The center blade is the test article, with s urface measurements being taken on each adjacent blade. A variable tail board is located downstream of the cassette, and can be adjusted to change the exit cross-sectional area. Adjustment of the variable tail board affects the flow upstream of the cassette and thus affects periodicity. The USAFA CWT can utilize both perpendicular and parallel oriented grids. Grid distance from the test section is measured in terms of x/d, from the center test article to the middle of the grid. The north and south blades adj acent to the center blade each contain 40 surface pressure taps, allowing pressure coefficients to be determined along the blade suction and pressure surfaces. Pressure taps are instrumented with 20" of H 2 0 and IO" of H 2 0 pressure transducers connected to PSI 8400, which transfers data to a data acquistion computer located next to the tunnel. Two probe configurations are shown in Fig. 6 for inlet traverse measurements. The fixed inlet probe contains three co-located measurement devices: a thermocouple, a pitot-static probe, and a Kiel probe, while the traversing probe contains a Kiel probe and a hotwire anemometer. The traversing Kiel probe is differenced against the static pressure collected by the fixed inlet probe. The entire probe suite is instrumented with three, I-torr Baratron pressure transducers. Additionally, the ambient temperature and pressure readings were collected using a Heise barometer and thermometer.
B. Procedures
For a pressure coefficient test, the first step was to properly orient and secure the desired turbulence generating grid. The turbulence generating grids utilized in th is study are shown in Fig. 7 . These grids are a perpendicular mesh grid (PMG) and a parallel T-bar grid (PTG). The T-Bar grid was constructed using discrete, non-overlapping horizontal elements, mounted on a parallel array of square bars; so that the grid area projected on the flow field is equal to the perpendicular mesh grid. The fan speed was adj usted so that the corresponding velocity yielded the desired Reynolds number. Once the desired temperature and Reynolds numbers were achieved, data was collected using the PSI 8400 system. The air velocity was measured using a hotwire calibrated in-situ. Every run required a hot wire calibration which consisted of increasing the Recx in increments of I 0,000, starting at 15,000 and going to 125,000. T hese data fi les were then graphed and fitted with a 4•h order polynomial curve. TunnelVision was used for traverse control and LabView for data collection. Velocity, pressure and temperatu re data were collected at I 200Hz for 40.96 seconds at each pitchwise location.
III. Results and Discussion
A. Inlet Turbulence and Velocity Profiles Figure 8 shows the inlet turbulence intensity (Tu) and normalized inlet velocity (VN) profiles for clean tunnel, PMG, and TBG runs at an axial chord-based Reynolds number of I OOk. The grids were located at an x/d location of 164. At these conditions, the clean tunnel inlet profil es exhibit good uniformity across the inlet. The PMG exhibits uni form turbulence intensity. However, at the inboard section of thc traverse, there is a slight increase in turbulence intensity due to the decreasing grid x/ d across the inboard half o f the PMG, pitchwise-relative to the cascade. Additionally, the no rmalized velocity profile exhibits poor uniformity when compared to the clean tunnel configuration. The TBG turbulence intensity profile remains constant across the inlet due to the constant x!d pitchwise-relative to the cascade. It is apparent that at these conditions, the TBG produces a more uniform inlet than that of the PMG.
(6) Figure 9 shows the inlet turbulence intensity and normalized inlet velocity profiles for PMG and TBG runs at an axial chord-based Reynolds number o f 50k, and a grid x!d of 164. With the decrease in axial chord-based Reyno lds number, the change in turbulence intensity characteristics were minimal, and were consistent with Roach 2 , such that turbulence intensity was independent of free-stream velocity. Unl ike the Recx = I OOk run, both grids exhibit uniform normalized velocity profiles across the inlet, except at pitchwise locations less than yi p = -1.8. The turbulence intensity profile generated by the TBG is constant across the inlet, similar to the Recx = I OOk run. As Reynolds number decreased the TBG provided a more uni fo rm inlet than that of the PMG.
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• .. Figure 12 shows that all three configurations have a similar level o f periodicity. T he primary difference betw een the three confi gurations is the difference in suction surface peak. The perpendicular mesh generates the greatest magnitude but when comparing all three, the parallel T-bar looks most similar to the clean tunnel. Figure 13 shows results for the perpendicular mesh and parallel T-bar grid configurations at a Re = SOk. The suction surface peak for both cases drops from the I OOk values, but there is still enough flow momentum to prevent fu ll separation. This leads to the conclusion that Reynolds nu mber is not the most important factor for C" . The CP results show that Reynolds numbers studied do not cause much change but varying levels of turbulence affect the local flow acceleration over the suction surface. These results match those of Butler, et al. 4 with regards to differential magnitude between pressure and suction surfaces.
C. Uncertainty Analysis
An uncertainty analysis was conducted on turbulence intensity and Reynolds number. Repeatability runs were conducted with the PMG located at an xld location of 164. Eight repeatability runs were conducted at 50k. Equations 7-9 outline the uncertainty process, where partial derivatives are also known as influence coefficients. Table I shows Reynolds number uncertainty with a target Reynolds number of 50k. Re = SOk exhibited the most uncertainty. Table   2 shows turbulence intensity uncertainty at a target Reynolds number of 50k. For turbulence intensity uncertainty, the traversing hotwire was removed and a hotwire was added to the fixed inlet probe. Like Reynolds number uncertainty, the greatest turbulence uncertainty was expected to be at the lower velocities. Reynolds number and turbulence intensity uncertainty were less than 5%. IV. Conclusion
This study shows that the TBG produces a more uniform inlet than the PMG at similar test conditions. Additionally, the TBG s urface pressure coefficients match clean tunnel data better than the PMG. Therefore, the authors suggest that future CWT studies be conducted with grids mounted parallel to the cascade. Future studies are recommended to evalua1e turbulence length scales and turbulence isotropy for parallel T-Bar grids, like that utilized in this study.
